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HIV-1 Nef interacts with cellular adaptor protein (AP) complexes and their medium (m) subunits. However, the role of the
dileucine-based sorting motif within Nef in these interactions has been incompletely characterized. Here, yeast two-hybrid
assays indicated that HIV-1 Nef interacted not only with the m subunits of AP-1 and AP-2, but also with that of AP-3. The
interactions with m1 and m3 were markedly stronger than the interaction with m2. Leucine residues of the sorting motif were
required for the interactions with m3 and m2 and contributed to the interaction with m1. Confocal immunofluorescence
microscopy indicated that Nef, AP-1, and AP-3 (but not AP-2) were concentrated in a juxtanuclear region near the cell center,
potentially facilitating interaction between Nef and the m1 and m3 subunits. However, leucine residues of the sorting motif
were not required for this subcellular localization of Nef. These data suggest that the dileucine motif, required for optimal
viral replication, functions through interactions with a variety of AP complexes, including AP-3, potentially by recruiting
adaptor complexes to subcellular locations specified by additional determinants in the Nef protein. © 2000 Academic Press
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fThe nef gene of primate lentiviruses encodes a pe-
ipheral membrane protein which interacts with the cel-
ular sorting machinery to influence the trafficking of
ntegral membrane proteins such as CD4 and class I
HC (1–3). In HIV-1 Nef, a 30-residue, solvent-exposed,
nstructured loop near the C-terminus of the protein
ontains distinct sequences required for interactions
ith cellular proteins involved in membrane trafficking;
hese include b-COP, a human homologue of a yeast
vacuolar ATPase, and the heterotetrameric adaptor pro-
tein (AP) complexes (4–11). The AP complexes recruit
cargo into intracellular transport vesicles by recognizing
specific sorting motifs in the cytoplasmic domains of
transmembrane proteins (12–15). HIV-1 Nef contains
such a sorting motif (consensus sequence EXXXLL) in
the middle of the C-terminal loop (5, 16). The leucines of
this motif are essential for down-regulation of CD4 and
for enhancement of viral infectivity, implicating modula-
tion of protein sorting as the basis for these functions
(16). However, the role of the Nef dileucine-based motif in
protein interactions has not been elucidated clearly.
HIV-1 Nef interacts with the medium (m) subunit of AP-1
m1) and, to a lesser extent, the m subunit of AP-2 (m2).
hese observations derive from yeast two-hybrid assays,
hich documented the interaction of Nef with m1 (but not1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (858) 552-7445. E-mail: jguatelli@ucsd.edu.
9m2), and affinity chromatography assays in which m1 and
m2 translated in vitro interacted with GST–Nef (9, 10).
Analysis of N-terminal and C-terminal truncation mutants
using the yeast two-hybrid assay mapped the Nef–m1
nteraction to the region of the C-terminal loop (9). This
observation, together with the identification of the
dileucine-based sorting motif in the loop, suggests the
hypothesis that the Nef dileucine motif mediates the m
interactions. Similarly, affinity chromatography assays of
cytoplasmic lysates demonstrated an interaction be-
tween GST–Nef and intact AP-1 and, to a much lesser
degree, AP-2 (7, 9, 11). The interaction of GST–Nef with
intact AP-1 was in large extent dependent upon the
dileucine motif (7). Notably, the molecular basis for the
interaction between cellular dileucine motifs and AP
complexes is controversial, with direct binding reported
with both m and b subunits (17, 18). Indeed, a peptide
ncluding the Nef dileucine motif competed with the
unctionally analogous motif from the TCR g chain for
access to the b subunit of AP-1 and AP-2 in chemical
cross-linking studies (8). Data derived from immunofluo-
rescence microscopy added further complexity by indi-
cating a substantial overlap between Nef and AP-2 com-
plexes in vivo, despite the weak nature of the Nef–AP-2
and Nef–m2 interactions detected in vitro (19). Finally,
AP-1 and AP-2 are but two members of a growing family
of AP complexes which now includes four distinct types.
While AP-1 is associated primarily with sorting events
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10 RAPID COMMUNICATIONbetween the trans-Golgi and the endosomal–lysosomal
system, and AP-2 is associated primarily with sorting
events at the plasma membrane such as endocytosis,
AP-3 appears to be involved predominantly in lysosomal
targeting (20–26). This function of AP-3 is intriguing in
view of the observation that Nef induces lysosomal deg-
radation of CD4 (27, 28). Here, we attempted to reconcile
these observations by testing the role of the Nef
dileucine motif in the Nef–m subunit interactions using
he yeast two-hybrid assay. We also reevaluated the
ubcellular distribution of Nef in comparison to AP com-
lexes using confocal immunofluorescence microscopy.
he results indicate a role for the Nef dileucine motif in
he interactions with m1, m2, and m3. The more avid
interaction of Nef with m1 and m3 compared to m2, the
olocalization of Nef with AP-1 and AP-3 in a juxtanuclear
egion at the cell center, and the finding that the Nef
ileucine motif is required for the interaction with m3
FIG. 1. Interactions between HIV-1 Nef and the m subunits of adap
residues in the sorting motif. Yeast were cotransformed with plasmids
the TGN38 cytoplasmic domain (top row), wild-type Nef (second row),
and with plasmids expressing Gal4 activation domain fusion proteins
or AP-3 (m3, right column) and then plated on leucine2, tryptophan2, an
ndicates interaction of the two fusion proteins. Plating of the transform
olonies (data not shown), indicating equivalent transformation efficienc
xperiments.suggest a potentially important and newly implied role
for AP-3-based sorting in Nef function.
T
mResults. Yeast two-hybrid assays were performed to
evaluate the binding of Nef to the m subunits of AP-1,
P-2, and AP-3. Yeast were cotransformed with vectors
xpressing fusion proteins between the activation do-
ain of Gal4 and adaptor protein complex subunits m1,
m2, or m3 and with vectors expressing fusion proteins
between the DNA-binding domain of Gal4 and Nef. Co-
transformants were selected by growth in the absence of
leucine and tryptophan; the additional absence of histi-
dine was used to select for yeast in which the two fusion
proteins interacted. Under these conditions, interactions
were detected between wild-type Nef and the m subunits
of AP-1 and AP-3 but not between Nef and the m subunit
of AP-2 (Fig. 1). Mutation of the leucines of the sorting
motif within Nef to alanines (LL164/165AA) abrogated the
interaction with m3, while having no qualitative effect on
he interaction with m1 (Fig. 1). A positive control con-
aining a portion of the trans-Golgi-associated protein
plexes assessed using yeast two-hybrid assays: role of the leucine
sing Gal4 DNA-binding domain fusion proteins containing a portion of
cine-mutant Nef (third row), or a tyrosine-mutant TGN38 (bottom row)
ing the m subunit of AP-1 (m1, left column), AP-2 (m2, middle column),
ine2 agar plates and incubated for 4 days at 30°C. Growth of colonies
n leucine2, tryptophan2 agar yielded approximately equal numbers of
e results shown are representative of three independent transformationtor com
expres
a dileu
contain
d histid
ants oGN38 (29) (which contains a tyrosine-based sorting
otif) interacted with m1, m2, and m3 (Fig. 1). Mutation of
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b
11RAPID COMMUNICATIONthe tyrosine within the TGN38 sorting motif to alanine
(TGN38 Y/A) abrogated all of these interactions (Fig. 1).
These data indicated that the assays accurately detected
specific interactions with m subunits, and they revealed
hat the dileucine motif in Nef was required for the
nteraction with m3.
To examine quantitatively the interaction of wild-type
and dileucine-mutant Nef with m subunits, the growth
ates of cotransformed yeast were measured in selec-
ive, liquid medium. Cotransformed yeast colonies ini-
ially grown on solid medium lacking tryptophan and
eucine but containing histidine were pooled and used to
noculate Trp2 Leu2 His1 liquid medium. Initial growth in
this medium selected for only cotransformants and
avoided bias in favor of transformants in which the fusion
proteins interacted. Equivalent amounts of these liquid
cultures were then used to inoculate Trp2 Leu2 His2
medium, and the culture densities were measured spec-
trophotometrically over time. Cultures of cotransformants
that contained fusion proteins that interacted well, for
example TGN38 and each of the m chains, grew to an
D600 nm above 2.0 within 72 h (Fig. 2a). Cultures express-
ing fusion proteins that did not interact, for example
TGN38 Y/A and the m chains, did not grow above an
D600 nm of 0.1 even after 90 h of incubation (Fig. 2a). In the
ase of HIV-1 Nef, these quantitative growth-rate assays
onfirmed the qualitative data obtained from direct plat-
ng of transformants on triple-minus agar (Fig. 1), but they
urther revealed subtle differences in the affinities of the
m subunit interactions. First, the interactions between
Nef and the m chains were less avid than those between
TGN38 and the m chains (compare Fig. 2a with 2b).
econd, the interaction between Nef and m3 was less
vid than the interaction between Nef and m1 (Fig. 2b).
hird, mutation of the leucines within the Nef sorting
otif (NefLL164/165AA), in addition to abrogating the interac-
tion with m3, moderately impaired the interaction be-
ween Nef and m1 (Fig. 2b). These data indicated that the
leucines of the Nef sorting motif, though not obligatory
for the interaction with m1, contributed to optimal m1
inding.
By utilizing an alternative vector to achieve higher
TGN38; both are expressed from pGBT9. (b) Nef wt contains wild-type
NefNL4-3; Nef LL164/165AA contains the dileucine-to-alanine mutant;
oth are expressed from pGBT9. (c) Nef wt contains wild-type NefNL4-3;
Nef LL164/165AA contains the dileucine mutant; both are expressed
from the higher efficiency vector pGBKT7. Growth curves in c were
performed in the presence of 3AT to reduce background. Residual
background values using the empty Gal4 activation domain vector
were subtracted for each growth curve as described under Materials
and Methods. Data points are the averages of duplicate cultures; error
bars indicate the standard deviations. Data in a and b were derived
from the same initial transformation experiment; data in c and d were
each derived from separate transformation experiments. (d) WesternFIG. 2. Quantitative analyses of the interactions between Nef or
ileucine-mutant Nef and the m subunits. Quantitative yeast two-hybrid
ssays were performed by measuring the growth rate of cotransformed
east in selective, liquid media. Cotransformants (8–10 colonies from
ach transformation) were initially selected from leucine2, tryptophan2,
histidine1 agar plates, combined, and grown overnight in leucine2,
ryptophan2, histidine1 broth. Growth rate experiments were then ini-
tiated using 0.001 OD600 nm of yeast per milliliter of leucine
2, trypto-
han2, and histidine2 broth. Cultures were incubated at 30°C, and the
blot analysis of Nef–Gal4 DNA-binding domain fusion proteins ex-
pressed in yeast. Arrow: Nef–Gal4BD fusion protein.
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12 RAPID COMMUNICATIONexpression of the Nef–Gal4 DNA-binding domain fusion
proteins, a weak binding between Nef and m2 was de-
tected (Fig. 2c). In experiments using this vector, the
histidine biosynthesis inhibitor 3AT was added to reduce
yeast growth due to nonspecific binding of the now
highly expressed Nef fusion proteins (Fig. 2c only). These
data also indicated that the leucine residues were re-
quired for the relatively weak Nef–m2 interaction as well
s for the more avid m3 interaction. Again, a contribution
of the leucines to m1 binding was observed. Western blot
analysis of the transformed yeast cultures indicated that
the dileucine-mutant fusion protein was well expressed
(Fig. 2d).
Next, fluorescence confocal microscopy was used to
compare the subcellular distribution of Nef with that of
subunits of each of the AP complexes (Fig. 3). Transient
transfection of HeLa–CD4 cells with a plasmid that ex-
presses a Nef–GFP fusion protein allowed direct visual-
ization of the subcellular distribution of Nef (Figs. 3a, 3d,
and 3g). Nef–GFP was primarily concentrated in a jux-
tanuclear region near the center of the cell, an area
which contains many subcellular compartments includ-
ing the Golgi complex, recycling endosomes, late endo-
somes, and lysosomes (30). Nef–GFP was also observed
in focal concentrations at the plasma membrane. The
cells were subjected to indirect immunofluorescence
using primary antibodies specific for the g subunit of
AP-1, the a subunit of AP-2, or the d subunit of AP-3;
these proteins were visualized by secondary staining
with rhodamine X-conjugated antibodies (Figs. 3b, 3e,
and 3h). All AP subunits displayed a punctate pattern
throughout the cytoplasm with extension to the cell mar-
gin. Additionally, and similar to Nef, AP-1 and AP-3 sub-
units were concentrated in a juxtanuclear region of the
cell; the AP-2 subunit was not concentrated in this re-
gion. These fluorescence patterns for the g, a, d subunits
f adaptor complexes are consistent with previously
ublished data (20, 21, 23, 24). Comparison and overlay
f these fluorescence patterns with those of Nef–GFP
evealed that the subcellular localization of Nef coin-
ided most closely with AP-1 and AP-3 subunits; little if
ny overlap was observed with the AP-2 subunit (Figs.
c, 3f, and 3i). While most of the overlap between Nef and
P-1 and between Nef and AP-3 occurred in the jux-
anuclear region of the cell, colocalization was also ob-
erved at discete foci along the cell margin.
To examine the role of the dileucine sorting motif in
irecting the subcellular localization of Nef, cells were
ransfected with a Nef–GFP construct in which the
eucine residues were mutated to alanines (Fig. 4). Sim-
lar to wild-type Nef–GFP, Nef (LL164/165AA)–GFP was
oncentrated in a juxtanuclear region of the cell and also
n focal concentrations at the plasma membrane. Indirect
mmunofluorescence demonstrated that the subcellular
istribution of Nef(LL164/165AA)–GFP maintained signif-
cant overlap with g-adaptin (AP-1) and d-adaptin (AP-3).These data indicated that the dileucine motif is not the
primary determinant of the subcellular localization of
Nef.
Although the dileucine motif has been shown to be
critical for Nef-associated down-regulation of CD4 and
enhancement of viral infectivity, its role in viral replication
has not been previously reported. To test this, viral mu-
tants were produced as described under Materials and
Methods and used to infect cultures of primary human
lymphoblasts. The growth rate of the LL164/165AA mu-
tant was indistinguishable from that of the nef-negative
virus (Fig. 5). These data indicated that the LL164/165AA
mutation (which impaired m1 binding, abrogated m2 and
m3 binding, but did not affect the subcellular distribution
of Nef) abolished the contribution of Nef to viral replica-
tion.
Discussion. The Nef protein of primate lentiviruses
contains a conserved leucine-based sorting motif and
binds to the m subunits of adaptor protein complexes (9,
10, 16). Here, we demonstrate a dileucine-dependent
interaction between HIV-1 Nef and the m subunits of AP
omplexes using yeast two-hybrid assays. Leucine res-
dues of the sorting motif within the C-terminal loop of
ef were required for the interaction between Nef and
m3, and they contributed quantitatively to the interaction
of Nef with m1. A weak interaction between Nef and m2
as detectable in these assays and this interaction was
lso dileucine dependent.
Immunofluorescence data indicated that although Nef
olocalized to a significant degree with AP-1 and AP-3
omplexes, this subcellular distribution was not
ileucine dependent. Analysis of Nef-mediated enhance-
ent of viral growth rate in primary cells confirmed the
ecessity of the dileucine motif for the virologic effects of
ef. Because the leucines within the Nef sorting motif
ere obligatory for m3 binding, these findings suggest a
potentially important role for AP-3-based sorting in the
virology of HIV-1 Nef function.
The Nef dileucine-based motif, like several well-char-
acterized tyrosine-based motifs found in cellular pro-
teins, appears to direct an interaction with the m chains
of adaptor protein complexes. Tyrosine-based motifs
have been clearly documented to interact with the m
chains of AP complexes by yeast two-hybrid assays, by
cell-free binding assays using m chains translated in
itro, and recently by cocrystallization of a peptide con-
aining a tyrosine-based motif with the C-terminal two-
hirds of m2 (29, 32). In contrast, data regarding a direct
nteraction between dileucine-based sorting motifs and
pecific subunits of adaptor protein complexes have
ielded disparate conclusions. A peptide containing the
ileucine motif from the TCR g chain has been chemi-
cally cross-linked under frozen conditions to the b chain
of purified AP-1 (17). In contrast, screening of a random
peptide library using phage display and a peptide con-
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13RAPID COMMUNICATIONtaining the dileucine-based motif from the MHC class
II-associated invariant chain as the ligand selected for
sequences homologous to portions of m subunits (18). In
ddition, filter-binding assays have demonstrated a di-
ect interaction between dileucine motifs and m chains
(33). The data herein regarding the Nef dileucine motif
suggest that it participates in a binding interaction with m
subunits.
The most avid interaction between Nef and the m sub-
units tested here is that between Nef and m1, and a signif-
cant overlap between Nef and AP-1 was observed micro-
copically. These data support the observed binding of Nef
o intact AP-1 complexes in vitro, although the interaction
ith intact complexes appears to exhibit a greater
ileucine-dependence than the Nef–m1 interaction ob-
erved herein using yeast two-hybrid assays (7). Notably,
utation of the leucine residues in the Nef sorting motif
brogates neither the m1 interaction nor the ability of Nef to
own-regulate class I MHC from the cell surface (34, 35).
hese observations lead to the hypothesis that Nef-medi-
ted down-regulation of class I MHC may be mediated
rimarily by AP-1-based sorting and that the AP-1 (m1)
interaction is dependent upon residues in addition to those
of the dileucine-based sorting motif.
Regarding the role of AP-2 in Nef function, we detected
an interaction between wild-type NefHIV-1 with m2 using
yeast two-hybrid assays; however, this binding was much
weaker than the binding of Nef to m1 or m3. The weak
binding of Nef to the m subunit of AP-2 in comparison to
that of AP-1 is consistant with previous in vitro assays (7,
9, 10). However, previous microscopic data indicated that
Nef colocalizes substantially with AP-2 in vivo (19). We
were unable to confirm this observation using the NL4-3
allele. Together, the yeast two-hybrid and the immunoflu-
orescence microscopic data may be interpreted to sug-
gest that AP-2 does not play a major role in Nef-mediated
trafficking and function. This conclusion creates an ap-
parent paradox, however, because AP-2 is the adaptor
complex implicated in endocytosis, and Nef clearly en-
hances the rate of endocytosis of both CD4 and class I
MHC. Alternatively, it is possible that AP-2-mediated en-
docytosis occurs very efficiently, such that the majority of
Nef is trafficked away from the plasma membrane and
dissociated from AP-2 at steady state. It is also possible
that HIV-1 Nef interacts with AP-2 via an intermediate
molecule in vivo, so that direct binding experiments such
as the yeast two-hybrid assay fail to detect an avid
interaction. Finally, it is conceivable that HIV-1 Nef redi-
rects AP-1 and/or AP-3 coats to the plasma membrane
for direct involvement in endocytosis. This hypothesis is
supported to some degree by the colocalization of these
complexes with Nef at discrete foci at the plasma mem-
brane shown herein.
The more avid interaction of Nef with m3 correlates with
significant colocalization of Nef and AP-3 near the cell
enter and at foci at the cell margin. Functionally, theef–m3 interaction, like down-regulation of CD4 and opti-
al viral replication, requires the leucine residues of the
orting motif. What may be the role of AP-3-based sorting in
ef function? In mammalian cells, AP-3 appears to function
n the sorting of specific cellular cargoes such as Lamp1
nd LimpII to lysosomes (26, 36). In yeast, alkaline phos-
hatase and Vam3p are specifically sorted via an AP-3-
ependent pathway to the vacuole, an organelle analogous
o the lysosome (25). Consequently, one potential role of
P-3-based sorting in Nef function is the targeting of CD4
nd potentially other cargoes to lysosomes; this hypothesis
s compatible with the observed enhancement of lysosomal
egradation of CD4 caused by Nef (27, 28). In addition, the
olocalization of Nef and AP-3 in a juxtanuclear region
upports a role for direct sorting of CD4 from the trans-Golgi
o the lysosome by Nef. AP-3 complexes may also play a
ole in the sorting of endocytic vesicles, as suggested by
he colocalization of AP-3 with endocytic markers such as
ransferrin receptor (24) and fluorescently labeled wheat
erm agglutinin shortly after uptake from the cell surface
23). The colocalization of Nef with the d subunit of AP-3
near the cell margin revealed herein supports the hypoth-
esis that Nef may utilize AP-3 coats to direct postendocytic
sorting events, presumably targeting cargoes to lysosomes.
Surprisingly, the subcellular localization of Nef was
found to be dileucine-independent. This observation in-
dicates that additional determinants in the Nef protein
must direct its subcellular distribution, and it suggests
that the colocalization of Nef and AP-1 and AP-3 cannot
be taken as direct evidence supporting their interaction
in vivo. Nevertheless, these data indicate that Nef is well
positioned to interact with these AP complexes in vivo.
The data further suggest the possibility that rather than
being recruited to membranes by AP complexes via its
dileucine motif, Nef may instead induce the recruitment
of AP complexes to the cellular membranes with which it
associates.
Although the Nef dileucine-based sorting motif is im-
portant for optimal viral replication, the mechanism for
this effect remains unidentified. There appears to be no
obligate causal connection to down-regulation of CD4,
because Nef enhances the replication rate of HIV-1 when
viruses are propagated in cells that express a CD4 mu-
tant lacking a cytoplasmic domain, rendering CD4 unre-
sponsive to Nef (37). The effect of Nef on particle infec-
tivity also appears to be at least in part CD4-indepen-
dent, because HIV-1 virions pseudotyped with the
envelope protein of murine leukemia virus, which is CD4-
independent, still reveal a Nef effect (38, 39). Although
we favor the hypothesis that modulation of protein sort-
ing by Nef somehow alters the virion membrane to in-
crease particle infectivity and consequently viral replica-
tion rate, the effector molecule which leads to increased
infectivity remains to be identified. While relief of an
inhibitory effect of CD4 may play a role (40), other cellular
or viral proteins may be differentially sorted in response
c
c
O ndicate
14 RAPID COMMUNICATIONto Nef in a manner that enhances the infectivity of the
virion. Finally, it is conceivable that the effect of Nef on
protein sorting may effect T cell signaling in a manner
that enhances viral replication.
Evidently, multiple sorting pathways are exploited by
Nef to contribute to pathogenesis via such diverse ef-
FIG. 3. Subcellular localization of Nef–GFP and adaptor complex sub
ells were transfected with a Nef–GFP expression vector and then per
omplex subunits. Selective light filters were used to visualize Nef–GF
verlap of Nef–GFP (green) and adaptor complex subunits (red) is i
a-adaptin (AP-2) (f), Nef–GFP and d-adaptin (AP-3) (i).fects as optimization of viral infectivity and evasion of the
immune response. However, the potential involvement ofAP-3-based sorting in viral replication suggested here is
interesting in light of the identification of individuals who
are genetically defective for production of the b3A sub-
unit of AP-3 (41). Their survival suggests that inhibition of
the dileucine-dependent Nef/m3 interaction may be a
potential target for antiviral therapy, even if such inhibi-
ssessed using confocal fluorescence microscopy. CD4-positive HeLa
zed and stained using indirect immunofluorescence to detect adaptor
, g), g-adaptin (AP-1) (b), a-adaptin (AP-2) (e), and d-adaptin (AP-3) (h).
d by yellow color: Nef–GFP and g-adaptin (AP-1) (c), Nef–GFP andunits a
meabili
P (a, dtion affects to some extent the AP-3-mediated sorting of
host proteins.
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15RAPID COMMUNICATIONMaterials and Methods. Plasmid constructions. Sub-
enomic Nef-expression vectors (pCIneo-based) and pro-
iral plasmid DNAs (pNL4-3-based) were constructed pre-
iously (16). Yeast two-hybrid vectors expressing fusion
roteins between the activation domain of Gal4 and the
daptor protein complex subunit m1, m2, or m3A and ex-
ressing fusion proteins between the DNA-binding domain
f Gal4 and the TGN38 tail or a tyrosine-to-alanine mutant
f TGN38 were acquired from Juan Bonifacino (42). These
ectors are based on the parental plasmids pACT2 and
GBT9 from Clontech. Yeast two-hybrid vectors expressing
he DNA-binding domain of Gal4 fused to Nef sequences
ere constructed by PCR of the complete nef alleles from
CIneo-based vectors and cloning into the EcoRI and
amHI sites of pGBT9. nef sequences inserted into pGBT9
ontained glycine-to-alanine substitutions in the N-terminal
yristolation signal. nef alleles from pCIneo-based con-
tructs were cloned into the pGBKT7 Gal4 DNA-binding
omain fusion protein expression vector (Clontech) using
he restriction enzyme sites EcoRI and SalI; these nef se-
FIG. 4. Subcellular localization of Nef(LL164/165AA)–GFP and adap
microscopy. CD4-positive HeLa cells were transfected with a dileucine
indirect immunofluorescence to detect adaptor complex subunits. Sele
and d-adaptin (AP-3) (e). Overlap of Nef–GFP (green) and adaptor com
g-adaptin (AP-1) (c) and Nef(LL164/165AA)-GFP and d-adaptin (AP-3) (fuences contained intact myristoylation signals. The nef–
fp fusion vectors pCGNL4-3GFP and pCGNL4-3LL164/
m65AA-GFP were constructed by subcloning a sequence
ncoding a fusion of the green fluorescent protein to the
-terminus of wild-type or dileucine mutant NefNL4-3 into the
baI and BamHI sites of pCGGFP (34). All nef sequences
nd in-frame fusion junctions were confirmed by nucleotide
equencing.
Yeast Two-Hybrid Assays. Yeast (strain HF7c) were co-
ransformed with pGBT9- or pGBKT7-based and pACT2-
ased expression vectors using a lithium acetate proce-
ure as described in the Matchmaker yeast two-hybrid kit
Clontech). Transformed cells were plated on double-minus
Trp2, Leu2) or triple minus (Trp2, Leu2, His2) agar plates
and incubated at 30°C. For quantitative growth rate assays,
8 to 10 colonies from each plate of yeast transformants
initially plated on double-minus (Trp2, Leu2) agar were
pooled and used to inoculate 5 ml of double-minus liquid
medium, then incubated overnight at 30°C. An amount of
each overnight liquid culture equivalent to an OD600 nm of
.001 per milliliter was used to inoculate cultures in triple-
2 2 2
ein complex 1 and 3 subunits assessed using confocal fluorescence
Nef–GFP expression vector and then permeabilized and stained using
ght filters were used to visualize Nef–GFP (a, d), g-adaptin (AP-1) (b),
bunits (red) is indicated by yellow color: Nef(LL164/165AA)–GFP andtor prot
mutant
ctive liinus (Trp , Leu , His ) medium. The OD600 nm was mea-
sured at regular time intervals during incubation at 30°C. In
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16 RAPID COMMUNICATIONthe case of growth analysis of yeast transformants contain-
ing pGBKT7-based expression constructs, the histidine bio-
synthesis inhibitor 3-aminotriazole was added to the triple-
minus medium to a final concentration of 0.1 mM at the time
of inoculation. In the pGBKT7 experiments, background
growth of yeast cotransformed with each Nef fusion protein
and with the Gal4 activation domain alone was subtracted
from the raw data obtained using the Gal4–m subunit fu-
sions to obtain the plotted data; in no case during the
experiments did this background exceed 0.035 OD600 nm.
Western Blot Analysis. An amount of yeast equivalent
o 1 OD600 nm was resuspended twice in 100 ml 1 M
sorbitol/2 mM DTT and incubated at 30°C for 1 h with the
addition of 100 ml zymolyase (ICN) (100 U/ml) in 50%
glycerol. Yeast spheroplasts were then pelleted and re-
suspended in lysis buffer (20% glycerol, 10% bME, 6%
DS, 125 mM Tris, pH 6.8, 1% bromophenol blue). Sam-
les were analyzed by Western blot using a sheep anti-
ef antiserum as previously described (43).
Fluorescence Microscopy. Cells of a CD4-positive
eLa line, clone 1022 (44), were transiently transfected
ith the nef–gfp fusion plasmid pCGNL4-3GFP or
CGNL4-3LL164/165AA-GFP using a CaPO4 coprecipita-
tion procedure (CellPhect; Pharmacia). Two days after
transfection, the cells were fixed in 3% paraformaldehyde
and permeabilized with 0.1% NP-40. The permeabilized
cells were incubated with primary antibodies against
adaptor protein complex subunits: affinity-purified rabbit
antibody to d adaptin was provided by Margaret Robin-
FIG. 5. The role of the dileucine sorting motif in Nef-associated
enhancement of viral replication in primary T cells. Growth rates of
viruses were determined in primary cultures of peripheral blood mono-
nuclear cells. Cells were prestimulated with PHA and IL-2 and then
infected with equal amounts (100 ng of p24 antigen) of wild-type (NL4-3)
or mutant viruses originally produced from transfected CEM cells. Dnef
virus contains a deletion within the nef gene (31). Viral production was
ssessed by measurement of p24 antigen. Error bars indicate standard
eviation of duplicate cultures; the results are representative of two
ndependent experiments.son (23), mouse anti-g antibody (mAb 100/3) was from
igma, and mouse anti-a antibody (mAb A.6) was fromffinity Bioreagents. Rhodamine-X-labeled secondary
ntibodies, donkey anti-rabbit or donkey anti-mouse
Jackson Immuno Research Laboratories), were used for
taining. Images were collected using a Zeiss light mi-
roscope with a 633 oil objective and a Bio-Rad laser
canning confocal attachment and were processed us-
ng Adobe PhotoShop software.
Determination of Viral Growth Rate in PBMCs. Proviral
lasmids were used to transfect the CD4-positive T cell line
EM and virus was harvested and analyzed for growth in
restimulated PBMCs as described previously (43).
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